Type I collagen is the major bone protein. Little is known quantitatively about human bone collagen synthesis in vivo, despite its importance for the understanding of bone formation and turnover. Our aim was to develop a method that could be used for the physiological and pathophysiological investigation of human bone collagen synthesis. We have carried out preliminary studies in patients undergoing hip replacement and in pigs to validate the use of the flooding dose method using 13C-or "N-labelled proline and we have now refined our techniques to allow them to be used in a normal clinical or physiological setting. T h e results show that the application of a flooding dose causes bone free-proline labelling to equilibrate with that of blood in pigs and human beings, so that only 150 mg of bone will provide Key words: stable isotopes, GC-Combustion-isotope ratio MS. Abbreviations used: AP, atoms percent; APE, AP excess; KIC, a-ketoisocaproate: NAP, N-acetyl-n-propyl ester. 'To whom correspondence should be addressed (e-mail j.a.babraj@dundee.ac.uk).
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Introduction
Collagen is the most abundant protein in the body (approx. 3 kg/70 kg of body weight), with 20 different collagen types being expressed in human tissues. In bone, type I collagen is the most abundant protein, accounting for approx. 90 o/ o of the organic matrix [l] . Although the cell biology of collagen synthesis, export and intracellular processing are well understood, little is known about collagen synthesis in human bone, its physiological regulation or its pathophysiological dysfunction. This is mainly owing to the difficulties involved in measuring it directly.
T h e use of stable isotope tracers of amino (or imino) acids enables the measurement of human protein turnover in vivo. However, there is a major problem in defining the labelling of the true precursor for protein synthesis, i.e. the aminoacylor iminoacyl-tRNA. In muscle the labelling of free intracellular leucine (or the labelling in plasma of the muscle-derived keto acid of leucine, CIketoisocaproate (KIC), is sufficiently near to that of the leucyl-tRNA for these surrogate indices to be used robustly [2]. In bone, in which osteoblasts comprise only a fraction of the total cells, it is probably impossible to determine if this is true. Certainly in human skin, prolyl-tRNA is labelled to only 50 yo of the free tissue proline pool [3]. T h e large sample required to extract sufficient amounts of aminoacyl-or iminoacyl-tRNA from bone makes this impracticable for studies in healthy volunteers. T h e use of either plasma or tissue freeamino-acid or free-imino-acid labelling as a surrogate for true precursor labelling could lead to an underestimate of collagen synthetic rate. T o overcome this problem we have investigated the use of the 'flooding dose' approach, in which a large bolus dose of labelled amino acid (a flooding dose) is given to, theoretically, label all free blood and tissue amino acid pools to the same extent. Consequently the labelling of the tracer in plasma should reflect the labelling of the true precursor pool in osteoblasts. We have shown previously that although large flooding doses of leucine stimulate protein synthesis in muscle this does not occur with proline [4] .
A further difficulty is the problem of deciding which collagen product to define as bone collagen. In rodent bone, there are at least two pools of type I collagen in bone, which differ in their turnover rates, with a sparingly cross-linked acetic-acidsoluble pool being synthesized more rapidly than a fully cross-linked pool ; the latter is probably derived from the former as the collagen matures [S] . In previous studies of collagen synthesis in the bone of patients undergoing hip replacement, we showed that the labelling of proline was lower than that of the post-translationally modified hydroxyproline liberated from bone collagen, suggesting the existence of fast and slow turning over pools (M. J. Rennie, unpublished work).
We have previously applied flooding doses of both 13C-and "N-labelled proline in bone from patients who were undergoing hip replacement, with the collagen bound hydroxyproline being assayed by GC-combustion-isotope ratio MS [ 6 ] .
We showed that the method was in principle feasible but many of the underlying assumptions remained unchecked. T h e relative insensitivity of the measurement technique, which required grams of bone, precluded its use in physiological or most pathophysiological studies. Modern instruments for GC-combustion-isotope ratio MS permit the use of smaller quantities of liberated amino and imino acids to measure tracer incorporation and, therefore, smaller tissue samples. We have attempted to (i) validate some of the assumptions inherent in the use of the flooding dose in the measurement of bone collagen synthesis rate, (ii) adapt the method to samples of a size capable of being obtained by standard bone biopsy techniques in healthy volunteers and (iii) measure the rates of incorporation of proline and leucine tracers into various fractions of normal bone collagen isolated on the basis of their differential solubility in buffered saline, acetic acid or pepsin acetic acid.
Methods

Studies in pigs
We studied three Yorkshire swine 16 f 3 kg (Kbar live stock, Sabinal, T X , U.S.A.), which were part of the control group for a separate study of lung surfactant lipid kinetics reported previously [7] . T h e pigs were anaesthetized with ketamine (20 mg/kg i.m. ; Ketaset, Fort Dodge Laboratories, Fort Dodge, IA, U.S.A.) for surgical catheter placement. A catheter was inserted into the jugular vein for isotope tracer infusion, and a second catheter was inserted via the right common carotid artery into the abdominal aorta for blood sampling. After the surgical procedure, the animals were put into slings for isotope infusion studies. T h e pigs awoke from anaesthesia approx. 1-1.5 h after the surgical procedure, and after a further 8 h a bolus dose of [13C]proline [99 atoms percent (AP), MassTrace, Cambridge, MA, U.S.A.] was administered via the jugular catheter and blood was sampled at 5, 15, 30, 60, 70 and 90 min. Small skin samples (1 cm') were taken at 30, 60 and 90 min using local anaesthetic (1 yo lignocaine). T h e pigs were then killed using an overdose of pentobarbitone, skin and bone were rapidly exposed, cooled in ice, sampled and frozen in liquid nitrogen for subsequent analysis. T h e experimental protocol had the approval of the Animal Care and Use Committee of the University of Texas Medical Branch (90-09-103-1).
Studies in young men
We studied four healthy men [22f 1.73 years, body mass index 24.9 f 2.92 (means & S.D.)]. T h e studies were approved by the Tayside Ethics Committee. After an overnight fast, cannulae were placed into the antecubital veins to infuse stable isotope tracers and obtain blood samples.
[ 1 -13C]Leucine (99 AP, MassTrace, Cambridge, U.S.A.) was infused at 1 mg kg-' h-' after a priming dose (0.8 mg/kg). Blood was taken at 30 min intervals for 120 rnin then a flooding dose of proline/[l-13C]proline (20 AP; 3 g of unlabelled proline and 0.75 g of 99 AP labelled proline) was administered over 3 min. Blood samples were then taken at 10-20 rnin intervals over 120 min, whereupon the subjects were lightly sedated (approx.
5 mg of midazolam) and bone biopsies taken with local anaesthesia (1 % lignocaine). Approx. 150 mg of bone was taken from the iliac crest using a spinal biopsy set (Bignall Surgical, Ford Arindel, U.K.). Samples were frozen immediately in liquid nitrogen and stored at -80 "C until analysis.
Studies in the elderly
We studied three elderly subjects (age 71+ 8.2 years) who were undergoing hip replacement surgery. T h e studies were approved by the Edinburgh Ethics Committee. at 4 "C for 20 h. T h e supernatant was removed after centrifugation at 65 560 g for 30 min at 4 "C.
Sparingly cross-linked collagen was extracted into 0.5 M acetic acid at 4 "C for 20 h while being mixed continuously. Supernatant was removed as above, then fully cross-linked collagen was extracted into pepsin/0.5 M acetic acid at 4 "C for 20 h while being mixed continuously. Collagen was precipitated from the supernatants by centrifugation at 104000g for 45 rnin after mixing continuously for 20 h at 4 "C with NaCl ( 5 M for neutral extractions and 2.5 M for acid extractions) [8] . After percipitation, 2 ml of 5 M NaCl was added to all collagen precipitates and these mixtures were mixed continuously for 240 min at 4 "C. Purified collagen was collected by centrifugation at 104000g for 45 min. T h e collagen pellet was dissolved in 0.5 M acetic acid and stored at -20 "C until analysis.
SDSlPAGE and Western blot analysis
The isolated collagen was separated on a 6 % SDS/PAGE gel and either stained with Coomassie Blue or blotted onto a PVDF membrane and blotted against an affinity purified anti-collagen Type I primary antibody (Rockland Inc., Gilbertsville, PA, U.S.A.) ; detection was achieved by enhanced chemiluminescence (Amersham Pharmacia, Little Chalfont, U.K.).
GC-combustion-isotope ratio MS
Isolated collagen was hydrolysed in 6 M HCl at 120 "C for 15 h and the free amino acids were purified using cation exchange chromatography (Dowex 5OWX8-200, Sigma Ltd, Poole, U.K.). T o avoid the excessive dilution of labelled 13C with carbon, the amino and imino acids were derivatized as their N-acetyl-n-propyl ester (NAP) derivative [9] , which adds only five carbon atoms. NAP amino and imino acids were analysed by capillary GC-ombustion-isotope ratio M S (Deltaplus XL, Thermofinnigan, Heme1 Hempstead, U.K.). Derivatized amino acids were separated on a Chrompack 25m CP-SIL 19CB column (Burke Analytical, Alloa, U.K.) (temperature programme: 90 "C for 7 min; 2 " min-' ramp to 130 "C ; hold for 10 min ; 3 " min-' ramp to 160 "C ; hold for 7 min ; 4 " min-' ramp to 260 "C ; hold for 5 min; 10 O min-l ramp to 300 "C; hold for 5 min).
Leucine, proline and hydroxyproline standards were prepared as their NAP derivative and analysed by GC-combustion-isotope ratio M S to determine the retention time for each.
GC-MS analysis
Plasma proline, leucine and K I C were extracted as described previously [lo] . In pig plasma, skin and bone tissue free-proline was extracted using sulphosalicylic acid. Human bone tissue free-leucine was extracted with 0.15 M NaC1/0.05 M Tris (pH 7.5). Amino acids were extracted from all extracts using strong cation exchange chromatography. The pig tissue free-proline was analysed by GC- 
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and was subjected to selective ion monitoring GC-MS using a Hewlett Packard 5890 GC-MS as described in [ll]. For the human samples isolated proline, leucine, KIC and tissue free-leucine were prepared as the tert-butyldimethylsilyl derivative prior to analysis [MDSOO GC-MS (Thermofinnigan, Heme1 Hempstead, U.K.)]. Derivatized samples were separated on an Alltech 30m EC-1 capillary column (Burke Analytical, Alloa, U.K.) (temperature programme: 130 "C, hold for 3 min; 15 O min-' ramp to 300 "C; hold for 3 min).
Results
Studies in pigs
T h e analysis of the plasma proline showed that the application of the 'flooding dose' of labelled proline caused the labelling of the plasma pool to reach 60f 6 AP excess (APE) within 10 min. Skin free-proline was approx. 10% less at this stage, but had equilibrated with the plasma at 30, 60 and 90min. At 90min, the skin and the bone freeproline labelling were identical with the plasma labelling, which had fallen almost linearly to 17 * 4 yo.
Plasma and tissue free labelling in people Plateau labelling was achieved for plasma leucine and KIC in the men during the infusion. T h e 13C labelling was 6.5f0.3 APE and 5.4f0.2 APE respectively for plasma leucine and KIC. T h e tissue free-leucine labelling at 5.4k0.5 APE, was close to that for plasma KIC. Plasma proline 10 min after flooding was 15.4 f 1.7 APE and it fell to 6.8 & 1.1 APE by the time biopsy was taken 120 min later. T h e tissue free-proline labelling at 6.0 APE was 88 yo of that of plasma proline.
SDSIPAGE and Western blot analysis
To confirm the presence of collagen in the bone extract, a fraction was run on a 6 % (w/v) polyacrylamide gel and was either stained with Coomassie Blue or transferred to PVDF membrane and blotted against type I collagen antibody 
Discussion
T h e assumptions made in the flooding dose approach, i.e. that labelling of free blood and tissue fluid amino acid pools is identical are strengthened, though not proven to be completely true since we do not have data on osteoblast intracellular amino acid labelling. Furthermore, whether the osteoblast proly-tRNA labelling is equilibrated remains unknown and will be hard to discover, given the relative sparseness of osteoblasts and therefore the large amount of sample required.
SDS/PAGE and Western blot analysis of the extracted fractions show the typical pattern of free collagen a-chains as well as the dimeric p-chains and trimeric y-chains. There were no other bands present on the gel. Western blot analysis also shows the presence of type I collagen in all extracts. T h e assumption that each fraction contains only collagen appears to be robust.
T h e relative extent of labelling in each extracted collagen fraction is markedly different. T h e difference between the two immature collagen extracts may be owing, in part or completely, to the presence of procollagen in the NaCl extract.
T h e relative labelling between the fractions shows no difference whether the flooding dose or the constant infusion approach is used either in young or old subjects. That the extent of labelling of each fraction does not change between the young and elderly subjects, suggesting that the differences might represent chemical or physical rather than biological phenomena.
We have demonstrated that it is possible to measure the incorporation of tracer into different collagen fractions from small samples of bone from healthy volunteers. Although definitive bone collagen synthesis rates cannot be calculated with certainty until we can measure the labelling of the true precursor, the absolute error is unlikely to be large (approx. 10%) if the plasma or the tissue free-labelling values are used. The method is sensitive and reproducible, and can probably be applied robustly to study the natural history of human bone collagen metabolism, its physiological regulation and its derangement with aging, immobilization and disease. 
